Recently tantalum (Ta) metal is receiving increasing interest as biomaterial for load-bearing orthopedic applications due to its excellent biocompatibility (*e.g.*, outstanding bone-like apatite forming capability in simulated body fluid (SBF), no cytotoxic ion release or dissolution in local, systemic and remote organs, as well as good osseointegration), superior strength, as well as anti-corrosion properties[@b1][@b2][@b3][@b4][@b5]. Particularly, *in vitro* studies[@b3][@b6] comparing the Ta implant and the common titanium (Ti) implant show that the bioactivity and cell-material interactions are significantly better in the case of Ta, further indicating Ta exhibits high promise for bone implant application.

As we know, substrate grain structure and topography of the implant materials plays a crucial role in mediating cell-substrate interactions at the implant/tissue interface, and microstructure modification such as grain refinement is frequently used to tailor the physical and biological properties of various biomaterials. For example, fine-grained (in sub-microscale or nanoscale) structures exhibiting significantly enhanced mechanical properties have been successfully fabricated in 316 L stainless steel[@b7][@b8], pure Ti and its alloys[@b9][@b10][@b11][@b12][@b13], as well as zirconium (Zr)[@b14], more importantly, a remarkable enhancement in corrosion resistance and cellular activity have also been observed on those fine-grained surfaces, in comparison with their coarse-grained counterparts. With regard to Ta, due to the high plastic deformation resistance of typical body-centered cubic (BCC) metal, nanocrystalline (NC) Ta is generally hard to obtain and accordingly the biological performance of NC Ta has scarcely been explored to our knowledge.

Surface mechanical grinding treatment (SMGT)[@b15][@b16] or sliding friction treatment (SFT)[@b17][@b18][@b19] with quite high strain rate of about 10^3^--10^4^ s^−1^ is a favorable severe plastic deformation (SPD) method that can generate a solid layer of nanocrystalline structure on the metal surface. Recently, NC Ta surface with an average grain size of ≤20 nm has been successfully manufactured through the SFT technique developed by us[@b17][@b18][@b19]. The detailed microstructural evolution[@b17], corresponding grain-refinement mechanisms, as well as advantages in mechanical properties[@b19] have also been explored systematically. It is of great interest to explore the potential of this NC Ta surface for bone implant application. Therefore, in this work, we investigated the *in vitro* bioactivity of the novel NC Ta surface ([Fig. 1b](#f1){ref-type="fig"}). The conventional coarse-grained (CG) Ta ([Fig. 1a](#f1){ref-type="fig"}) without the SFT treatment was set as control.

Results
=======

Grain structure
---------------

The grain structures of Ta samples before and after the SFT treatment are presented in [Fig. 1](#f1){ref-type="fig"}. The initial CG Ta sample owns an equiaxed grain structure with an average grain size of ≥60 μm ([Fig. 1a](#f1){ref-type="fig"}). Owing to the much higher strains and strain rates induced by SFT, a thicker (thickness: \~280 μm) process-influenced layer was generated on Ta surface[@b17], and extremely small grains with an average grain size of ≤20 nm were obtained in the topmost 20 μm-thick surface layer of the NC samples ([Fig. 1b](#f1){ref-type="fig"}). Moreover, the effective grain refinement on SFTed Ta surface could also be confirmed by the X-ray diffraction (XRD) results in ref. [@b17], which revealed that NC Ta sample possessed notably broader Bragg peaks as compared to the CG Ta matrix.

Surface roughness and contact angle
-----------------------------------

[Figure 2](#f2){ref-type="fig"} shows that the mirror polished CG and NC Ta surfaces display similar roughness and topography as imaged by atomic force microscopy (AFM). The mean values ± standard deviation (SD) of the roughness of the samples in a 5 × 5 μm^2^ area were 1.87 ± 0.21 nm for the CG Ta surface and 1.04 ± 0.13 nm for the NC Ta surface. There was no significant difference in the roughness between the CG and NC Ta samples. The contact angles of the water droplets on the CG and NC Ta surfaces were 67.3 ± 3.1° and 59.4 ± 1.6°, respectively, as shown in [Fig. 2](#f2){ref-type="fig"}, indicating that the NC Ta surface exhibited higher wettability than the CG Ta surface. The increased hydrophilicity on the NC Ta surface may derive from the significantly increased grain boundaries, as well as other factors such as improved atom activity and air adsorption capacity induced by the nanoscaled surface[@b20][@b21][@b22][@b23].

Electrochemical tests
---------------------

The changes in open circuit potential (OCP) of NC and CG Ta samples measured as a function of time are shown in [Fig. 3a](#f3){ref-type="fig"}. [Figure 3b](#f3){ref-type="fig"} exhibits the potentiodynamic polarization (PDP) curves of these samples and the corrosion potential (*E*~*corr*~) and corrosion current density (*I*~*corr*~) are summarized in [Table 1](#t1){ref-type="table"}. The OCP of the NC Ta sample shifted towards the more positive direction compared to that of the CG Ta sample ([Fig. 3a](#f3){ref-type="fig"}), indicating that a more stable film may be favorably formed on the NC Ta surface[@b4][@b24][@b25]. Similarly, the *E*~*corr*~ for the NC Ta sample stayed higher than that for the CG Ta sample ([Table 1](#t1){ref-type="table"}). It is well-documented that the more positive the *E*~*corr*~ is, the nobler the material is[@b26][@b27][@b28]. Therefore, the result of PDP curves also implies that the corrosion resistance of NC Ta is enhanced by reducing the grain size from microscale to the nanoscale.

In order to evaluate the effect of grain refinement on the structure of the passive films formed on NC and CG Ta substrates, Nyquist plots drawn from the electrochemical impedance spectroscopy (EIS) spectra were also analyzed. [Figure 3c](#f3){ref-type="fig"} demonstrates that the Nyquist plots were characterized by single semicircles, suggesting the involvement of single time constant. Thus, a single time constant model as shown in [Fig. 3d](#f3){ref-type="fig"} was used to fit EIS results, and the specific values are presented in [Table 1](#t1){ref-type="table"}. In [Fig. 3d](#f3){ref-type="fig"}, *R*~*s*~ and *R*~*p*~ represent solution and passive film resistance, respectively; *CPE* is the capacitance of the passive film represented by the constant phase element. [Figure 3c](#f3){ref-type="fig"} corroborates that the fitted data derived from the equivalent circuit model agrees well with the experimental data, with deviation less than 3%. Obviously, the results reveal the passive film formed on the NC Ta sample exhibits higher resistance (with higher *R*~*P*~ values) than that on CG sample in SBF solution. With regard to the aforementioned *CPE*, its impedance can be calculated in accordance with the [Eq. (1)](#eq1){ref-type="disp-formula"}[@b24][@b29][@b30]:

where *w* is an angular frequency (*w* = 2πf), *j* is an imaginary unit, *n* is the exponent of *CPE* ranging from −1 to 1, and *Q* is the capacitance value of the passive film. As shown in [Table 1](#t1){ref-type="table"}, the values of *n* are close to 1 for NC and CG Ta samples, indicating that the passive films formed on both samples are near ideal capacitors with compact structures. In addition, the capacitance *Q* is associated with the nature of the passive film and can be defined as[@b24]:

where *ε* is the dielectric constant of passive film, *ε*~0~ is the dielectric constant of free space, *A* is the surface area of working electrode and *T* is the thickness of passive film. [Eq. (2)](#eq2){ref-type="disp-formula"} reveals that the higher *Q* corresponds to a lower thickness of the passive film. Herein, the fitted *Q* values listed in [Table 1](#t1){ref-type="table"} indicate that the passive film formed on NC Ta sample was thicker than that on CG sample, which is consistent with the result of OCP in [Fig. 3a](#f3){ref-type="fig"}. Since the passive film formed on surface can provide protection for metals, the thicker passive film formed on NC Ta sample would be more beneficial to prevent the metal from corrosion. Hence, the results of electrochemical tests including OCP, PDP, as well as EIS systematically corroborate that the corrosion resistance of NC Ta sample is significantly enhanced than that of CG Ta, which is in line with the previous discovery on the superior anti-corrosion performance for most of the fine-grained materials (*e.g.*, ultra-fine grained Ti, Cu and Fe)[@b24][@b31][@b32][@b33][@b34].

Protein adsorption
------------------

The osteoblast is anchorage-dependent cells and the protein adsorption onto the biomaterial surface is the initial critical step that determines the normal cell functions such as cell adhesion and spreading. The amounts of total protein adsorbed from the serum containing Dulbecco's modified eagle's medium (DMEM) on the Ta surfaces after 1, 4 and 24 h of incubation are presented in [Fig. 4a](#f4){ref-type="fig"}. With increasing incubation time, the adsorption amounts of total protein tended to increase continuously. At each incubation time point, the NC Ta surface significantly promoted the protein adsorption compared to the CG Ta surface.

Cytotoxicity
------------

The cytotoxicity indicated by the lactate dehydrogenase (LDH) activity in the culture medium after 1, 4 and 24 h of incubation was assayed ([Fig. 4b](#f4){ref-type="fig"}). The NC Ta surface showed similar and even slightly lower cytotoxicity compared to the CG Ta surface, displaying good cytocompatibility.

Cell adhesion and proliferation
-------------------------------

The human fetal osteoblast (hFOB1.19) cells showed significantly better attachment on the NC Ta surface than the CG surface, even after the first hour of culture ([Fig. 4c](#f4){ref-type="fig"}), which is consistent with the enhanced protein adsorption on the NC Ta surface ([Fig. 4a](#f4){ref-type="fig"}). [Figure 4d](#f4){ref-type="fig"} illustrates the proliferation of hFOB1.19 cells with prolonged incubation time to 14 days. For all culture durations, hFOB1.19 cells proliferated in greater numbers on the NC Ta surface compared to the CG Ta surface. Particularly, after 3 days culturing, the cell proliferation on the NC Ta surface was already notably higher than that on CG Ta surface, which could also be supported by the fluorescent cell viability staining images in [Fig. 4e and f](#f4){ref-type="fig"} (much more live cells and less dead ones were observed on NC Ta surface than the CG Ta surface).

Cell morphology
---------------

The cell shape on a biomaterial surface is closely related to the cell functions. In order to observe cell adhesion and spreading, hFOB1.19 cells cultured on different Ta surfaces were examined by field emission scanning electron microscope (FESEM) after 1, 3 and 7 days of culture ([Fig. 5](#f5){ref-type="fig"}). The better osteoblast attachment on the NC Ta surface was visible within the first day of culture ([Fig. 5b](#f5){ref-type="fig"}). After day 3 and 7, the cell density on NC Ta surface was significantly higher than that on the CG Ta surface ([Fig. 5c--f](#f5){ref-type="fig"}). Additionally, osteoblast appeared to strongly adhere to the surface of NC Ta, supported by the presence of extensive filopodia (indicated by arrows in [Fig. 5](#f5){ref-type="fig"}), flattened morphology, and excellent spreading in multi-directions. These features were less pronounced on the CG surface, further indicating the superior cytocompatibility of the NC Ta surface.

Osteogenesis-related gene expressions
-------------------------------------

The hFOB1.19 cells' differentiation on the CG and NC Ta surfaces can be monitored via measuring the expressions of osteogenesis-related genes. The expressions of runt related transcription factor 2 (Runx2), osterix (OSX), alkaline phosphatase (ALP), osteopontin (OPN), osteocalcin (OCN) and collagen I (Col-I) in cells cultured for 3, 7 and 14 days are shown in [Fig. 6](#f6){ref-type="fig"}. Except for ALP, the mRNA expressions of Runx2, OSX, Col-I, OPN and OCN in the cells cultured on both Ta surfaces increased with incubation time from 3 to 14 days. Besides, the expressions of all the six genes by the cells were significantly higher on the NC Ta surface compared to those on the CG Ta surface at nearly all incubation time points, except that the expressions of ALP and OCN showed nearly no difference among the two Ta surfaces at 14 and 3 days, respectively.

Intracellular ALP activity, OPN, OCN and Col-I contents
-------------------------------------------------------

The intracellular ALP activity and the OPN, OCN and Col-I contents in the cells cultured on the CG and NC Ta surfaces for 3, 7 and 14 days are shown in [Fig. 7](#f7){ref-type="fig"}. Overall, the values of these parameters increased with incubation time and the NC Ta surface induced significantly higher ones compared to the CG Ta surface, except that the ALP activity and the OCN content showed nearly no obvious difference among the two Ta surfaces at 14 and 3 days, respectively.

Collagen secretion and extracellular matrix (ECM) mineralization
----------------------------------------------------------------

The ECM collagen secretion and mineralization by osteoblasts on the CG and NC Ta surfaces after 3, 7 and 14 days of incubation, determined with the Sirius Red and Alizarin Red staining, respectively, are shown in [Fig. 8](#f8){ref-type="fig"}. The NC Ta surface dramatically promoted the collagen secretion and ECM mineralization compared to the CG Ta surface.

Discussion
==========

In terms of implant materials to be used as substitutes of high load-bearing bones, it is a challenge to explore and design materials that own both favorable surface and bulk properties to regulate the cell-substrate interactions and guarantee the long-term stability. The advantages in the mechanical properties of SFT treated Ta were investigated in previous study, which showed that the yield strength values of Ta had been improved from 300 MPa to 720 MPa after the SFT treatment[@b19]. Additionally, the NC Ta surface exhibited much higher hardness (Hv = 270) than the CG matrix (Hv = 115), which will provide better wear resistance and decrease the occurrence of metallic debris during high-load functioning[@b35]. Our present study demonstrated that the NC Ta surface also possessed superior anti-corrosion property as compared to the CG Ta sample ([Fig. 3](#f3){ref-type="fig"}, [Table 1](#t1){ref-type="table"}), this helps to create a more stable microenvironment that benefits the cellular functions at the cell-substrate interface as well[@b36]. Excitingly, the NC Ta surface induced more protein adsorption and enhanced osteoblast adhesion, proliferation and differentiation compared to the CG Ta surface ([Figs 4](#f4){ref-type="fig"}--[8](#f8){ref-type="fig"}).

As aforementioned, the protein adsorption onto the biomaterial surface is the initial key step that determines the cell/biomaterial interaction, because the cells sense the foreign surface through the adsorbed protein layer. It has been generally accepted that the protein adsorption and cell response to the substrate can be altered by the physico-chemical properties of the substrate[@b37][@b38]. The adsorption of protein depends strongly on these factors including surface roughness, chemical composition, ionic binding, grain structure and hydrophilicity[@b39][@b40]. In previous works, we have shown through the X-ray photoelectron spectroscopy analysis that the NC Ta surface is similar in composition to the untreated CG Ta surface[@b19]. Additionally, the surface roughness was also similar between the CG and NC Ta surfaces ([Fig. 2](#f2){ref-type="fig"}). Therefore, the hydrophilicity and grain size are the relevant factors contributing to the difference in the protein adsorption amount and cell response. The NC Ta surface demonstrated lower water contact angle compared to the CG Ta surface ([Fig. 2](#f2){ref-type="fig"}), indicating that the NC Ta surface is more hydrophilic and has a higher surface energy than the CG one. The hydrophilic surface with higher surface energy was reported to enhance the adsorption of more anchoring proteins such as fibronectin and vinculin, which promoted a favorable osteogenic microenvironment[@b11]. Furthermore, it was claimed that the increased grain boundaries provided optimal sites for osteoblast adhesion and by this way the ultrafine-structured surface could improve the cell behaviors[@b10]. Herein, the extremely increased grain boundaries of the NC Ta surface may provide more optimal sites for focal adhesion of cells, which shall be another reason for the enhanced osteoblast response. Thus, the increased surface wettability and the presence of nanocrystalline structure shall contribute to the notably improved protein adsorption and subsequently significantly pronounced cell adhesion on the NC Ta surface as compared to the CG Ta surface. This is in agreement with a large number of reports demonstrating that the ultra-fine structured surfaces led to enhanced protein adsorption and cell spreading[@b7][@b9][@b10][@b11][@b23][@b33][@b41][@b42][@b43].

Higher cell proliferation can result in more cell colonization accompanied with more ECM secretion on the implant surface probably leading to a larger mass of bone tissue around the implant. In present work, the proliferation of hFOB1.19 cells was enhanced on the NC Ta surface compared to the CG Ta surface, which is in good agreement with the cell adhesion result. The osteoblast proliferation is also marked by the induction of ECM composed of collagen and non-collagenous proteins. The detected collagen in [Fig. 8a](#f8){ref-type="fig"} at day 3 indicated that the ECM formed relatively earlier on the NC Ta surface and its content was considerably more than those on the CG Ta surface, indicating again that the cell proliferation as well as ECM synthesis were accelerated on the NC Ta surface, probably inducing faster bone maturation around the implant.

To achieve optimal bone healing around the implant, the subsequent osteoblast functions related to differentiation are also required. The differentiation process of hFOB1.19 cells on the two kinds of Ta surfaces was evaluated by the mRNA expressions of osteogenesis related genes (including ALP, Runx2, OSX, OPN, OCN and Col-I), ALP activity, as well as the OPN, OCN and Col-I protein product. The events occurring in a chronological order during the osteoblast differentiation include: firstly the enhancement of ALP activity, then synthesis of Col-I, and finally deposition of the non-collagenous ECM proteins, such as OPN and OCN to form mineralized bone[@b37]. ALP is regarded as an early marker of osteoblast differentiation, with peak mRNA and activity levels pronouncing osteoblast maturation, and the expression level then decreases at the onset of mineralization[@b11][@b36]. Our results demonstrated higher mRNA level and activity of ALP on the NC Ta surface compared to the CG Ta surface at 3 and 7 days ([Figs 6d](#f6){ref-type="fig"} and [7a](#f7){ref-type="fig"}), indicating that the osteoblast cultured on the NC Ta surface differentiated to a more mature phenotype. Moreover, both the mRNA level and activity of ALP on the NC Ta surface decreased when the incubation period exceeded 7 days, further suggesting that the cell differentiation were accelerated on this surface, which progressed into the ECM mineralization phase at day 7. Runx2 is a transcription factor necessary for bone formation[@b44], and OSX is a zinc finger transcription factor specifically expressed by osteoblasts to induce the differentiation of themselves to the mature phenotype[@b45]. The higher expression mRNA levels of Runx2 and OSX on the NC Ta surface ([Fig. 6a and b](#f6){ref-type="fig"}) compared to the CG one further demonstrated that the cell differentiation was accelerated by NC Ta surface by means of promoting a mature phenotype at earlier stage. The enhanced expression of OPN, OCN and Col-I at both gene and protein levels by the NC Ta surface ([Figs 6](#f6){ref-type="fig"} and [7](#f7){ref-type="fig"}) also corroborated this. These osteogenic proteins are directly regulated by Runx2 and OSX through their DNA binding element[@b46]. Col-I is the main ECM protein in bone and one of the most widely recognized biochemical markers in osteoblast differentiation[@b47][@b48]. OPN, whose expression increases both in early differentiation and during mineralization, is known to be a middle-stage maker and be associated with the onset of ECM mineralization at a later point[@b10][@b49][@b50]. OCN, being capable of binding ECM calcium to the developing bone matrix, is expressed at the later stages of bone matrix formation[@b51] and the ECM deposition is closely regulated by OCN[@b47]. It is found here that the NC Ta surface remarkably out-performed the CG Ta surface in inducing higher mRNA expression of Col-I, OPN and OCN ([Fig. 6](#f6){ref-type="fig"}), promoting their intracellular protein production ([Fig. 7](#f7){ref-type="fig"}), expediting the collagen secretion ([Fig. 8a](#f8){ref-type="fig"}), and accelerating the ECM mineralization ([Fig. 8b](#f8){ref-type="fig"}). These results collectively certify that the NC Ta surface can accelerate the differentiation of hFOB1.19 osteoblast, resulting in improved cell maturation and enhanced ECM mineralization.

Methods
=======

Sample preparation
------------------

The details of the SFT set-up and the sequences of the SFT processing of pure (99.95 wt%) Ta were given in ref. [@b19]. The given processing parameters for this study were as follows: 500 N in load, 0.2 m/s in sliding velocity, 100 μm in offset displacement perpendicular to the sliding direction after each sliding direction, and 100 in cycle. Square samples of 10 × 10 mm^2^ cut from both the SFT treated and untreated Ta sheets were ultrasonically cleaned in acetone, ethanol, and distilled water for 10 min each and dried in air. For *in vitro* biocompatibility studies, all samples were sterilized with alcohol for 3 h and rinsed twice with sterile phosphate buffer saline (PBS; Sigma, USA) before cell seeding.

Microstructure characterization
-------------------------------

The surface microstructure of the NC Ta sample was characterized by a JEOL JEM-2100 transmission electron microscope (TEM) operated at 200 kV. The TEM samples were cut from the top surface layer and thinned by ion thinning at low temperature. The surface grain structures of the CG Ta sample were observed by Olympus PMG 3 optical microscopy (OM).

Electrochemical tests
---------------------

Electrochemical measurements were carried out using an IM6 Zahner-electrik Gmbh (Zenniom, Germany) electrochemical workstation. A standard three-electrode setup was used to perform electrochemical measurement: *e.g.*, a test sample, a platinum wire and a saturated calomel electrode (SCE) act as working electrode, counter electrode and reference electrode, respectively. OCP, PDP curve and EIS tests were all carried out on in SBF solution (prepared according to ref. \[[@b52]\]) at temperature of 37 °C. The OCP measurement was set for 1800 s. The PDP curves were carried out from −1.0 V (vs. SCE) to +1.0 V (vs. SCE) at a scanning rate of 0.01 V/s. The EIS measurements were carried out over a frequency range from 100 kHz to 10 mHz with a 10 mV amplitude AC voltage signal. Nyquist plots were obtained after the samples were immersed in the solution for 1 h to evaluate the characteristics of passive films formed on the surface of Ta, and the EIS parameters were determined from the Nyquist plots after fitting the data using ZSimpWin 3.0 software.

Surface roughness and wettability
---------------------------------

The surface roughness was recorded using AFM (Dimension ICOM, America) scanning with triplicated repeats. To characterize how the fine-grained structure changes the surface properties of Ta, the surface wettability test was performed using a Kino SL200B contact angle system.

Protein adsorption assay
------------------------

For the protein adsorption assay, a 500 μL droplet of DMEM/Ham's F12 1:1 medium (Thermo Scientific, USA) containing 10% fetal bovine serum (FBS; Thermo Scientific, USA) was pipetted onto each sample placed in a 48-well plate. After incubation at 37 °C for 1, 4 and 24 h, these samples were transferred to a new 48-well plate and washed with 500 μL PBS thrice. Afterwards, 250 μL of 1% sodium dodecyl sulfate (SDS) solution was added to these wells and shaken for 15 min to detach proteins from the Ta surfaces. The protein concentrations in the collected SDS solutions were determined using a MicroBCA protein assay kit (Pierce, USA). The total amounts of protein adsorbed on the Ta surfaces were determined using a standard curve drawn with BSA. Four samples of each group were tested, and each test was repeated four times (n = 4).

Cell culture
------------

The hFOB1.19 cells (provided by the Institute of Biochemistry and Cell Biology of Chinese Academy of Sciences, Shanghai, China) were cultured in DMEM supplemented with 10% FBS, 0.3 mg/mL Geneticine418 (Sigma, USA), 0.5 mM sodium-pyruvate (Sigma, USA) and 1.2 mg/L Na~2~CO~3~ at 37 °C in a humidified atmosphere of 5% CO~2~. The medium was refreshed every 2 days during cell culturing.

Cell adhesion and proliferation
-------------------------------

The cell adhesion and proliferation were determined employing the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The cells were seeded on the Ta samples (four replicates) in 24-well plates at a density of 8 × 10^4^ cells/well. After cultured for 1, 5, 24, 72, 168 and 336 h, the culture medium was discarded, and the samples were washed thrice with PBS then incubated at 37 °C for another 4 h in fresh culture medium containing MTT solution (0.5 mg/mL medium). After the unreacted dye was removed, the intracellular purple formazan product was dissolved into a colored solution by adding the dimethyl sulfoxide to the wells. The optical density (OD) was then measured at 490 nm using a spectrophotometer. Each test was repeated four times (n = 4).

Cytotoxicity assay
------------------

The LDH activity in the culture medium was used as an index of cytotoxicity. After 1, 4 and 24 h culturing, the culture medium was collected and centrifuged, and the supernatant was used for the LDH activity assay. The LDH activity was determined spectrophotometrically according to the manufacturer's instructions.

Cell morphology
---------------

After 24, 72 and 168 h culturing, the cell adherent samples were washed three times with PBS, and fixed with 2.5% glutaraldehyde for 1 h at 4 °C. The fixed samples were then dehydrated in ethanol, followed by vacuum drying. After gold-palladium coating, the cell morphology was observed under FESEM (JSM-6700F, Japan).

Live/dead staining using the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, France) was performed to identify viable and nonviable hFOB1.19 on the samples after 3 days of incubation. The cell-adherent samples were incubated with 500 μL of PBS containing ethidium-homodimer-1 (4 μM) and calcein-AM (2 μM) at 37 °C for 30 min. The fluorescence-stained cells were analyzed using an OLYMPUS laser confocal microscope (FV1000).

Osteogenesis-related gene expressions
-------------------------------------

After culturing for 3, 7 and 14 days, the total RNA was isolated using the TRIzol reagent (Gibco, USA). RNA (1 μg) from the cells on each sample was reverse transcribed into complementary DNA using the PrimeScrip™ RT reagent kit (TaKaRa, Japan). The expressions of Runx2, OSX, ALP, OPN, OCN and Col-I were quantified using a real-time polymerase chain reaction (qRT-PCR) detection system (Bio-Rad iQ™5 Multicolor) with SYBR® Premix Ex™ Taq II (TaKaRa, Japan). The data analysis was carried out using a iQ™5 Optical System (Bio-Rad, USA) with Software Version 2.0. The expression levels of the target genes were normalized to that of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of the specific primer sets are listed in [Table 2](#t2){ref-type="table"}. Four samples from each group were tested, and each test was repeated four times (n = 4).

Intracellular ALP activity, OPN, OCN and Col-I contents
-------------------------------------------------------

The cell-seeded samples were washed thrice with PBS, and then lysed in 0.1 vol.% Triton X-100 through five standard freeze-thaw cycles and shaken for 10 min. The intracellular ALP activity and contents of OPN, OCN and Col-I were determined with respective human ELISA kits (R&D, USA). Optical absorbance at 450 nm was recorded spectrophotometrically and the intracellular ALP activity and contents of OPN, OCN and Col-I of osteoblasts cultured on the samples were drawn from a standard curve of absorbance vs. known standards of corresponding proteins running in parallel with the experimental samples. The results were normalized to the intracellular total protein content. Four samples for each group were tested, and each test was repeated four times (n = 4).

Collagen secretion and ECM mineralization
-----------------------------------------

Collagen secretion of osteoblast on the Ta samples was quantified by Sirius Red staining method. After 3, 7 and 14 days, the cells on the Ta samples were fixed in 4% paraformaldehyde and stained using a 0.1% solution of Sirius Red (Sigma, USA) in saturated picric acid for 18 h. After washing with 0.1 M acetic acid until red color disappeared, images of the collagen secreted by osteoblast cultured on the samples for 7 days were taken. In the quantitative analysis, the stain on the samples was then eluted with 500 mL destained solution (0.2 M NaOH/methanol 1:1) and measured using a spectrophotometer at the optical density of 540 nm. ECM mineralization of osteoblast was evaluated using Alizarin Red staining method. The samples with cells cultured for 3, 7 and 14 days were fixed in 75% ethanol for 1 h, and subsequently stained with 2% Alizarin Red (Sigma, USA) solution for 10 min. Afterwards, the samples were washed with distilled water until no color was observed. The images of ECM mineralization were taken at day 14 of culture. In the quantitative analysis, the stain was dissolved with 10% cetylpyridinium chloride in 10 mM sodium phosphate and the absorbance was monitored at 620 nm.

Statistical analysis
--------------------

The data were analyzed using SPSS 14.0 software (SPSS, USA). A one-way ANOVA followed by a Student-Newman-Keuls *post hoc* test was used to determine the level of significance. *p* \< 0.05 was considered to be significant and *p* \< 0.01 was considered to be highly significant.

Conclusions
===========

Novel NC surface layer with an average grain size of ≤20 nm has been fabricated on pure Ta by SFT technique. The higher surface energy and wettability provided by the drastically increased numbers of grain boundaries of the SFT-processed NC Ta contribute to notable increment in protein adsorption, and leads to better subsequent osteoblast cell responses. Besides, compared to CG Ta, NC Ta possesses superior corrosion resistance, which also helps to provide a preferred and stable microenvironment for cell-material interaction. Resultantly, the NC Ta surface indeed exhibits improved cytocompatibility for osteoblast, which promotes cell attachment and spreading, and shows superior viability as compared to CG Ta. Furthermore, the grain size reduction from microscale to nanoscale in Ta metal considerably accelerates the consequent proliferation, maturation and mineralization of hFOB1.19 osteoblast. Therefore, the SFT-processed pure Ta implants with the NC surface should be promising for load-bearing bone implant applications considering their combined superior mechanical property, corrosion resistance, as well as bioactivity.
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![Electrochemical measurements of the CG and NC Ta samples.\
(**a**) OCP curves, (**b**) polarization curves, (**c**) Nyquist plots from electrochemical impedance spectroscopy (EIS), (**d**) equivalent circuit for analysis of the EIS spectra.](srep40868-f3){#f3}

![(**a**) Protein adsorption onto the Ta samples after 1, 4 and 24 h of incubation in the FBS-containing DMEM medium, (**b**) cytotoxicity assay by evaluating the LDH activity in the cell culture medium, (**c**) cell adhesion measured by the MTT assay, (**d**) proliferation measured by the MTT assay. (**e**,**f**) Cells incubated for 3 days on (**e**) CG and (**f**) NC Ta samples stained with two well-described probes, indicating live cells (green) and dead ones (red). Data are presented as the mean ± SD, n = 4, \**p* \< 0.05 and \*\**p* \< 0.01 compared with the CG Ta surface.](srep40868-f4){#f4}

![The typical morphologies of the cells cultured on the (**a**,**c**,**e**) CG and (**b**,**d**,**f**) NC Ta surfaces for (**a**,**b**) 1 day, (**c**,**d**) 3 days and (**e**,**f**) 7 days. Arrows indicate filopodia extensions.](srep40868-f5){#f5}

![The gene expressions of osteoblasts cultured on the CG and NC Ta surfaces of 3, 7 and 14 days: (**a**) Runx2, (**b**) OSX, (**c**) Col-I, (**d**) ALP, (**e**) OPN and (**f**) OCN. Data are presented as the mean ± SD, n = 4, \*\**p* \< 0.01 compared with the CG surface.](srep40868-f6){#f6}

![(**a**) The ALP activity and the contents of (**b**) Col-I, (**c**) OPN and (**d**) OCN proteins in osteoblasts cultured on the CG and NG Ta surfaces for 3, 7 and 14 days. Data are presented as the mean ± SD, n = 4, \*\**p *\< 0.01 compared with the CG Ta surface.](srep40868-f7){#f7}

![(**a**) The ECM collagen secretion determined with the Sirius Red staining, and (**b**) the ECM mineralization determined with the Alizarin Red staining after 3, 7 and 14 days of osteoblasts incubation on the Ta surfaces. The staining pictures of collagen secretion on the right side of (**a**) were taken after 7 days of incubation, and the staining pictures of ECM mineralization on the right side of (**b**) were taken at 14 days. Data are presented as the mean ± SD, n = 4, \*\**p* \< 0.01 compared with the CG surface.](srep40868-f8){#f8}

###### The corrosion potentials (*E~corr~*), corrosion current densities (*I~corr~*) obtained from PDP curves and the fitting parameters values observed in EIS of the NC and CG Ta samples tested in SBF solution.

  Samples    *E*~*corr*~ (V vs. SCE)   *I*~*corr*~ (A.cm^−2^)   *R*~*s*~ (Ω)   *R*~*p*~ (10^5^ Ω.cm^2^)   *Q* (μF.cm^−2^)    *n*
  --------- ------------------------- ------------------------ -------------- -------------------------- ----------------- --------
  NC                 −0.583                 1.05 ± 0.04            22.35                2.014                  14.85        0.8998
  CG                 −0.635                 1.19 ± 0.06            19.97                1.421                  21.13        0.9059

###### Primers for real time PCR.

  Gene    Sequences (Forward/Reverse)                                Annealing T/°C
  ------- ---------------------------------------------------------- ----------------
  Runx2   5′-CCTTCTGGGTTCCCGAGGT-3′/5′-AGTGGACGAGGCAAGAGTTTC-3′      60
  OSX     5′-TGCGAAGCCTTGCCATACA-3′/5′-TCCTCCTGCGACTGCCCTAA-3′       60
  ALP     5′-ATCTTTGGTCTGGCCCCCATG-3′/5′-ATGCAGGCTGCATACGCCAT-3′     60
  OCN     5′-TCCTGAAAGCCGATGTGGT-3′/5′-AGGGCAGCGAGGTAGTGAA-3′        58
  OPN     5′-ATGGCTTTCGTTGGACTTACT-3′/5′-TTTACAACAAATACCCAGATGC-3′   60
  Col-I   5′-GAAGTCAGCTGCATACAC-3′/5′-AGGAAGTCCAGGCTGTCC-3′          60
  GAPDH   5′-CCACCCTGTTGCTGTAGCC-3′/5′-CCCACTCCTCCACCTTTGA-3′        60
